ABSTRACT A model was developed to examine the proliferation of Aspergillus fumigatus on the air cell membrane of broiler hatching eggs and to assay the effectiveness of fungal control strategies that may be used in conjunction with late embryonic egg injection. Egg yolk was identified as the nutritive media required to sustain fungal growth. Incubation was required to predispose the egg to fungal infection by allowing the yolk to come into contact with the air cell membrane. Infertile eggs and eggs containing embryos that died before 4 d of incubation (early-dead) that had been subsequently incubated for 9 d or more were equally susceptible to fungal infection. In order to evaluate potential methods of control, these eggs were punched through the blunt end of the shell with a 16-gauge needle, placed into forced-air incu-
INTRODUCTION
Aspergillus fumigatus is a blue-green fungi belonging to the family Trichocomaceae, subgenera Fumigati, and is known to be the most common cause of respiratory mycosis ("brooder pneumonia" or aspergillosis) in young chicks and poults (Richard and Beneke, 1989) . Aspergillus fumigatus is ubiquitous, and a single sporing head of A. fumigatus can produce more than 50,000 conidia, with the conidia being only 2.5 to 3.0 µm in diameter. High levels of A. fumigatus conidia have been found seasonally in the immediate environment surrounding a commercial hatchery, and therefore may be equally represented in the various air handling systems of the hatchery. Additionally, sources of A. fumigatus conidia may include the hatchery or breeder farm humidifiers and the nesting material at the breeder farm, as well as other sources that 1 The use of trade names in this publication does not imply endorsement by the North Carolina Agricultural Research Service of the products mentioned, nor criticism of similar products not mentioned. 2 To whom correspondence should be addressed: jbrake@ncsu.edu. 1536 bators (hatchers), and exposed to air-dispersed pure cultures of A. fumigatus. The frequency of eggs exhibiting mold growth on the air cell membrane 72 h after exposure was subjected to a Chi-square analysis model. The effect of egg position within an incubator flat in relationship to the A. fumigatus source culture, the variation between flats (levels) within a given hatcher, the variation between hatchers, and the variation between replicate trials were measured and found to be potential sources of experimental error that must be minimized in order to accept the results of an evaluation. A statistically valid model was developed that can be used to evaluate various types of fungicidal treatments of hatching eggs and their relative efficacy in association with egg injection. the eggs are exposed to, from the hen to the hatching environment (Clark et al., 1954; Harry and Cooper, 1970; Braem, 1986; Meinecke et al., 1986) . A survey of broiler hatcheries in North America prior to the introduction of in ovo vaccination revealed that 76% of these hatcheries have Aspergillus species present in the hatchery, including 54% of all hatcher room hallways surveyed (Williams et al., 1994) .
Vaccination against Marek's disease is often accomplished in ovo by egg injection during late embryonic development (Days 17.5 to 19 of incubation). A hole is punched through the large end of an egg, above the air cell membrane, during the process of egg injection. The hole provides a means for fungal conidia, if present, to be introduced to the air cell area during the hatching period. The necropsy of unhatched broiler chicken eggs 3 or 4 d after injection by the Inovoject ,3 egg injection system has shown that fungi, especially A. fumigatus, can proliferate on the air cell membrane in some of the unhatched eggs, typically the infertile eggs and eggs containing early-dead (1 to 4 d) embryos (personal observations). This proliferation produces more conidia that can serve as reservoirs for further contamination of the remaining infertile and early-dead embryonated eggs and the hatching chicks.
In order to better understand the phenomenon of fungal proliferation on the air cell membrane of in ovo-injected broiler eggs, our initial objective was to determine whether A. fumigatus would grow on individual egg constituents. Further, our objectives were to examine the dispersion of A. fumigatus conidia among eggs within forcedair hatcher systems and to develop a repeatable, controlled-challenge model for fungal proliferation that would provide a method for making statistically valid evaluations of potential fungal control methods.
MATERIALS AND METHODS

Direct Fungal Challenges to Egg Constituents
A series of direct microbial challenges were performed to determine the suitability of individual constituents of infertile and early-dead embryonated eggs to serve as growth media for A. fumigatus. Fresh broiler hatching eggs used in the studies were collected and stored at 19 C and 70% RH for no more than 4 h prior to use. Eggs that were subsequently incubated were collected and stored (as above) for no more than 3 d prior to the onset of incubation. Incubation with rotation had previously been at a dry bulb temperature of 37.5 C and a wet bulb temperature of 30.5 C. Eggs were incubated for 3 d, removed from the machine for 3 d, placed at room temperature (approximately 20 C), and subsequently returned to the incubator for 7 d. This incubation regime was previously determined by the authors to produce a high incidence of early embryonic death. Eggs were then candled to verify the termination of embryo development.
Separation and collection of the various egg constituents were performed by breaking through the eggshell and gently pouring all of the contents into a collecting tray. Separate sterile syringes (20 cc) were used to extract the various egg constituents, which were transferred to covered, sterile petri dishes. Egg shell membranes were gently removed from the interior of the shell using forceps. A sterile saline solution (0.9% NaCl) was used to bathe the membranes following removal.
The following internal egg constituents were segregated and categorized: inner and outer shell membranes from fresh eggs, yolk without vitelline membrane from fresh infertile and fertile eggs, yolk without vitelline membrane from incubated infertile eggs, the outer thin albumen from nonincubated infertile and fertile eggs, the outer thick albumen from nonincubated infertile and fertile eggs, the albumen from incubated infertile eggs (no thick-thin distinction was possible), the thin albumenyolk mix from eggs with early dead embryos, and the thick albumen-vitelline membrane-chalazae mix from eggs with early-dead embryos. It should be noted that separation of fresh egg constituents resulted in distinct yolk, thin, and thick albumen groupings. When infertile eggs were incubated, only simple yolk and albumen separation (no thick-thin distinction of albumen) was possible. Fertile incubated (early-dead embryo) eggs produced an albumen-yolk mix of either thin or thick consistency.
The A. fumigatus challenge was performed inside a glove box. A cotton-tipped swab was gently rolled across the surface of a previously cultured, pure lawn of A. fumigatus (see below). After covering the swab with conidia, the swab was placed above the designated challenge plate and gently tapped twice to dislodge and evenly distribute the A. fumigatus conidia on the surface of the various egg constituents. Following the challenge, plates were incubated for 24 h at 35 C and macroscopically inspected for A. fumigatus growth. The same plates were then allowed to remain at room temperature for 5 d and examined again. Appropriate nonchallenged control samples were maintained. Two separate trials were performed.
Changes in pH of Egg Contents During Incubation
In a second series of studies, the pH of the egg contents directly below the air cell membrane in infertile and earlydead embryonated eggs was determined over the course of an 18-d incubation period. Measurements of pH were determined in order to examine the physical characteristics of the area immediately under the air cell membrane that would presumably supply nutritive media to growing fungi. All eggs used for pH determination were collected on the same day and stored for 24 h at 19 C and 70% RH. Eggs were collected from two sister broiler breeder flocks (Arbor Acres FS Yield) during the 17th week of lay (42-wk-old). One flock of virgin hens in cages produced eggs known to be infertile, and the other flock in breeding pens with males was known to produce eggs of high fertility. All pH determinations were made with a Fisher Accumet Selective Ion Analyzer 4 . Following removal of the shell from the blunt end of each egg for visualization, a glass pipette-shaped micro probe 5 was inserted directly below the center of the air cell membrane. Determinations of pH were made from 20 eggs from each test group of infertile or fertile eggs. Both groups were sampled every 3 d (evaluated eggs were discarded) beginning on Day 0 and continuing for 21 consecutive days. Both groups were incubated together at a dry bulb temperature of 37.5 C and a wet bulb temperature of 28.8 C. Eggs were incubated for 3 d, removed from the incubator, stored at room temperature (approximately 20 C) for 3 d, and subsequently re-incubated for 15 d. The fertile egg group was candled, and all viable embryos were removed after 6 d of incubation. The egg incubation regime encompassed a total time period of 21 d and a total incubation time of 18 d. Infertile or earlydead embryonated egg status was verified during pH determinations. 
Mold Challenge Model
The exhausts of four small incubators (hatchers) were aspirated through a laminar flow hood. Additionally, the entire hatcher room was equipped with an exhaust fan. The effective removal of airborne conidia within the room was confirmed by regular air plate sampling.
The four experimental hatchers were maintained at 37.5 C dry bulb and 30.5 C wet bulb temperatures. Eggs were arranged in 36-hole incubator flats measuring approximately 30 × 30 cm (Jamesway design 6 ), leaving four empty positions in the middle of the flat where a fungal challenge plate was to be placed. This arrangement placed 12 eggs in a square immediately adjacent to the four empty central positions, 20 eggs on the outer edge of the flat, and one egg removed from the fungal challenge plate. Because of the relative distances from the fungal challenge plate, these were defined as two areas on each flat (Figure 1) .
A pure culture of A. fumigatus was streaked onto Sabaroud-Dextrose agar plates and incubated at 37 C for 48 h. The plates containing a lawn of A. fumigatus were then stored with the lids removed for 4 to 5 d in a large glove box at room temperature and allowed to dessicate. The postincubation storage allowed the agar and cultures to dry, effectively preparing the conidia for dispersion. All fungal challenge plates for any given trial were prepared at the same time from the same source culture, incubated, stored, and used as a group. Observations made during the development of the fungal challenge model indicated 6 Jamesway Incubator Company, Ltd., P.O. Box 3067, Cambridge, Ontario N3H 454, Canada.
that the postincubation storage and dessication was critical to force adequate sporulation and dissemination of the conidia of the cultured fungi.
Early-dead and infertile incubated broiler eggs were obtained from eggs that had been collected twice daily, stored for no more than one week at 19 C and 70% RH, and set in an incubator maintained at 37.5 C dry bulb and 28.8 C wet bulb temperatures. After 3 d of incubation with hourly rotation, eggs were removed from the incubator and remained at room temperature (approximately 20 C) for 3 d. After 3 d at room temperature, the eggs were returned to the incubator and incubated with rotation for 7 more days. Total time of treatment was 13 d, but only 10 d of total incubation time was actually completed, because the eggs were removed from the incubator for 3 d. Eggs were then removed from the incubator and candled. All eggs showing viability (typically less than 5%) were removed and euthanized with carbon dioxide. Only early-dead and infertile eggs were used in the trials. Eggs were routinely sampled to ensure absence of mold.
All of the eggs were punched with a 16-gauge needle in the large end of the egg and allowed to remain largeend-up in the incubator flats. The egg punch was devised from a 16-gauge needle with a 60°beveled tip inserted through a rubber stopper, such that 7.0 mm of the punch tip was exposed. Each flat and incubator was identified, and the same location of the flat (in the hatcher) was maintained throughout the challenge. The design of the hatchers was such that individual flats were maintained equidistant from each other, with each flat positioned at one of three levels. The eggs were not rotated in the hatchers during the mold challenge. A total of 96 eggs were used in each incubator, with 32 eggs placed in each flat. Each trial consisted of four hatchers, for a total of 384 eggs per trial.
The hatchers were turned off to stop the fans prior to the introduction of the mold. One agar plate of mold was used to challenge each flat of eggs for a total of three plates per incubator. The top of each plate of mold was removed, and the plates were placed in the center of each of the three flats in each incubator. A sterile swab was gently moved in a zig-zag pattern across the surface of each challenge plate of fungi to loosen the conidia from the mycelium. The incubator was then closed, and fan operation was initiated. The duration of each trial was approximately 72 h. The hatchers were not opened after the initiation of the challenge. All eggs were examined macroscopically for the presence of mycelium and conidia by carefully breaking open and exposing the air cell area under an exhaust hood. The presence of A. fumigatus growth on the air cell was recorded while noting the position of the egg within the flat as well as the position of the flat within the incubator.
Statistical Analysis
The frequency of eggs exhibiting fungal infection was subjected to a categorical analysis model (CATMOD) using PC-SAS (SAS Institute Inc., 1988) . The location of eggs in each flat in relationship to the challenge culture was identified as a possible source of variation, and the two areas (inside square and outside square) of each flat were identified as categories. Area 1 included the egg positions adjacent to the challenge culture of A. fumigatus and Area 2 included those positions removed by one egg from the challenge plate (i.e., eggs along the outside edge of the flat) (Figure 1 ). Each separate flat (level) within each hatcher was also identified as a possible source of variation. Additionally, hatcher and replicate trial were identified as potential sources of variation. The frequency data were subjected to Chi-square analysis to determine probabilities of significance involving area, flat, hatcher, trial, and all interactions as sources of variation. The categorical data analysis system (CATMOD) was used to analyze data expressed as frequencies (i.e., a yes or no response) (SAS Institute Inc., 1988) . For the purpose of verifying the challenge model as a tool to assay the effectiveness of fungal control strategies and to establish acceptance and rejection criteria for the assay model, all sources of variation were examined.
RESULTS
Direct Challenge to Egg Constituents
The results obtained from direct fungal challenge to various egg constituents are summarized in Table 1 . Similar direct fungal challenge to shell membranes overlying egg constituents is shown in Table 2 . Observations made after 24-h incubation at 37 C and subsequent 5-d incubation at room temperature differed only in the magnitude, not the presence or absence, of fungal growth. It is important to note that only yolk was required for fungal growth, and that albumen, if completely isolated from other constituents of the egg, did not support A. fumigatus growth.
Determination of pH of Incubated Infertile and Early-Dead Embryonated Eggs
The pH of fluid egg contents directly below the air cell membrane of infertile and early-dead embryonated eggs over the course of an 18-d incubation period are summarized in Table 3 . The pH of fertile eggs decreased during the first 3 d of incubation. Following embryonic death (at >3 d), the pH decreased more slowly as incubation continued. Infertile eggs exhibited no significant change in pH until after 6 d of incubation. Samples taken from the area directly under the air cell membrane of infertile eggs were from albumen during the first 6 d of incubation, before the yolk migrated into a position in direct contact with the air cell membrane. The observed decrease in pH was actually due to a change in internal egg contents (albumen to yolk) at the point of measurement.
Mold Challenge Model
The incidence of air cell contamination of injected broiler eggs in each hatcher during each of four trials is summarized in Table 4 . Differences in the total percentage of air cell membranes contaminated with mold by incubator and by trial using our dispersion model were seen in Trials 3 and 4. Statistically significant differences in the percentage of air cell membranes contaminated with mold in each trial are shown in Table 4 . Trials 1 and 3 had a significantly greater percentage of air cell membrane infection with A. fumigatus than Trials 2 and 4. The overall effects for area, flat, and hatcher for each trial are shown in Table 5 . Area was a statistically significant source of variation in Trials 3 and 4. Area 1 had a significantly greater probability of air cell membrane contamination with mold than Area 2 in Trials 3 and 4. In no trial was the level within each hatcher a significant source of variation (Table 4) . The incubator was identified as a statistically significant source of variation in Trial 3. 
DISCUSSION
The results of the direct fungal challenges to individual egg constituents clearly show that separate constituents of hatching eggs present different growth potentials (as media) to A. fumigatus (Tables 1 and 2 ). Egg yolk, whether fresh or previously incubated, served as a nutritive source and supported A. fumigatus growth. Aspergillus fumigatus has been shown to contain lipases (Satyanarayana and Juri, 1981) . Conversely, egg albumen, whether thin or thick, fresh or incubated (infertile), did not support A. fumigatus growth. Additionally, shell membranes alone did not support A. fumigatus growth (Table 1) . Similarly, the shell membranes, when in contact with thin or thick fresh albumen or incubated albumen (infertile), did not support A. fumigatus growth (Table 2) . Over 25 different extracellular enzymes have been isolated from Aspergillus species, including nucleases, phosphatases, peptidases, and proteases (Oxenboll, 1994) . However, egg albumen has been shown to contain several proteins that inhibit specific proteases, including ovomucoid (trypsin inhibitor), ovoinhibitor (serine protease inhibitor), and ficin inhibitor (thioprotein inhibitor) (Powrie and Nakai, 1985) . No specific antifungal compounds have been identified in egg albumen; however, the inhibitory properties with TABLE 3. The pH directly below the air cell membrane during incubation of broiler hatching eggs that were infertile or contained an early-dead embryo respect to protease activity may serve to block fungal growth. Aspergillus fumigatus grew on the shell membrane surface if the membrane was in contact with yolk. The yolk, whether fresh or incubated, appeared to be the nutritive source necessary to support A. fumigatus proliferation. Equally important was the observation that albumen alone or in combination with shell membranes did not support A. fumigatus growth. In our evaluation of the pH of egg contents adjacent to the air cell membrane, we observed a difference develop as incubation began. The pH of fertile egg contents directly below the air cell membrane decreased rapidly, whereas the infertile egg contents (in a similar location) remained relatively stable through 6 d of incubation (Table 3). Huhtanen and Pensack (1967) experimentally induced A. fumigatus growth in hatching eggs, and subsequently aspergillosis in chicks, by dipping the eggs in water containing conidia of A. fumigatus prior to incubation. Interestingly, they observed that fertile eggs were considerably more susceptible to fungal infection than infertile eggs. One possible explanation for their observations is that the fungi's ability to gain access to the yolk was improved in fertile eggs. The pH directly below the air cell membrane of fertile eggs was shown to decrease dramatically during early development (Table 3 ). The changing internal environment during early embryonic development may have initially presented a favorable growth media that was accessible to the fungi. The infertile egg, conversely, remained relatively stable until after 6 d of incubation. As albumen began to degrade and thin, the yolk appeared to rise toward the blunt end and come in contact with the air cell membrane during normal incubation. Aspergillus fumigatus mycelium could then access the nutritive yolk, when the fungi and the yolk were juxtaposed across the air cell membrane. Access to the yolk may initially be easier for fungi in fertile developing eggs; however, after 6 d of incubation, infertile and earlydead embryonated eggs have similar environments directly below the air cell membrane (Table 3 ). Both contained an albumen-yolk mix of relatively neutral pH.
In order to use a hatcher-based mold dispersion model as a validated research tool, all eggs must have a reasonably equal opportunity for infection, regardless of location. Forced-air incubation systems are designed to supply an even flow of air throughout the incubation system, as well as constant temperature and RH according to predetermined set points. Aspergillus fumigatus conidia will readily become airborne when sporulated colonies dessicate during periods of low water activity (Raper and Fennell, 1965 ). In our model, the physical differences represented by air flow within the incubator and level of dessication of A. fumigatus challenge plates that could potentially lead to a nonrandom probability of infection were identified as the two areas of each flat (Area 1 versus Area 2, Figure 1 ), the three flats or levels within each hatcher, the four hatchers, and the number of replicate trials. The initial experiments reported herein were intended to reveal the extent of inherent variation that might be expected in the absence of any anti-fungal treatment.
From the data shown in Tables 4 and 5 , a set of inclusion-exclusion criteria were developed by which one could qualitate the conduct of a given trial. For each replicate trial to be accepted, it was decided that there should be two treated and two control hatchers and that there should be no significant variation among the two treated or control hatchers. The three flats or levels within each incubator should also be comparable with respect to level of air cell infection. Furthermore, the extent of air cell infection should not be statistically different between the two areas of each tray of eggs. Statistical differences in any of the above criteria dictate that the trial be excluded. This procedure ensures that the inherent variability of mold dispersion was reasonably evenly distributed in the accepted trial. For example, in our initial series of four trials, Trials 1 and 2 would be accepted, whereas Trials 3 and 4 would be excluded. Trial 3 contains significant variation due to area and hatcher, whereas Trial 4 contains significant area variation (Table 5) .
Finally, results from each individual trial must be repeatable. Air cell contamination rates between replicate trials will vary in this mold dispersion model. Significant differences are possible between control or treated groups of one replication and control or treated groups of subsequent replications. However, the variation of both groups and their relationship to each other should be relatively the same. Although repeatability is an element in establishing any model as a functional research tool, we have found that trial-to-trial variation in total air cell contamination with mold will occur. We placed a minimum of 25% and a maximum of 75% of total air cell membrane contamination as acceptable limits on control treatments (fungal challenge only) in an attempt to address threshold-type responses and to prevent overwhelming the model.
Mold proliferation on the air cell membrane occurs because of the combination of several physical occurrences. The fungal conidia must be present and dispersed in the environment (airborne), and the conidia must have access to the internal environment of the egg (the punch hole). Additionally, Aspergillus species have specific requirements for growth. The minimum water activity requirement for growth is 0.84 to 0.86, whereas 0.94 and 0.95 water activity is required for germination and sporulation, respectively. Optimal growth will occur at a water activity of 0.97 and a temperature of 37 to 43 C. Aspergillus species also tolerate a wide range of pH (Raper and Fennell, 1965) . These requirements seem to be met within the micro environment of the air cell membrane if the nutrient media of the egg (yolk) is in intimate contact with the air cell membrane. Several researchers have established Aspergillus infections experimentally in both hatching eggs (O'Meara and Chute, 1959; Wright et al., 1961; Huhtanen and Pensack, 1967; Ozegovic et al., 1986) and chicks or poults (Richard et al., 1981 (Richard et al., , 1982 (Richard et al., , 1984 Richard and Thurston, 1983; Braem, 1986) . Procedures have included dipping or swabbing eggs with suspensions of A. fumigatus conidia, inclusion of Aspergillus-infected wheat in an incubator during the hatching process and first days of life, and aerosol challenges to live chicks or poults in different stypes of exposure chambers. Accepted methodology for testing fungicides (Hollis, 1991) includes evaluation directed at simulated end-use application. The data and procedures described herein represent the first statistically supported, aerosol dispersion-type model for fungal infections of injected hatching eggs. In conclusion, the model can be used as a validated research tool in order to evaluate various routes and types of fungicidal treatments of hatching eggs and their relative efficacy in association with egg injection. Such studies are described in the accompanying paper (Williams and Brake, 2000) .
